Non-invasive cellular and molecular imaging techniques are emerging as a multidisciplinary field that offers promise in understanding the components, processes, dynamics and therapies of disease at a molecular level. Magnetic resonance imaging (MRI) is an attractive technique due to the absence of radiation and high spatial resolution which makes it advantageous over techniques involving radioisotopes. Typically paramagnetic and superparamagnetic metals are used as contrast materials for MR based techniques. Gadolinium has been the predominant paramagnetic contrast metal until the discovery and association of the metal with nephrogenic systemic fibrosis (NSF) in some patients with severe renal or kidney disease. Manganese was one of the earliest reported examples of paramagnetic contrast material for MRI because of its efficient positive contrast enhancement. In this review manganese based contrast agent approaches will be presented with a particular emphasis on nanoparticulate agents. We have discussed both classically used small molecule based blood pool contrast agents and recently developed innovative nanoparticlebased strategies highlighting a number of successful molecular imaging examples.
INTRODUCTION
Molecular imaging has emerged as an interdisciplinary area, which promises to understand the components, processes, dynamics, and therapies of a disease at a biochemical level. 1, 2 In general, novel metal-based agents offer unique early detection, diagnosis, and personalized treatment opportunities for a broad range of biomedical imaging modalities. Magnetic resonance imaging (MRI) uses paramagnetic and superparamagnetic metal probes to produce high-resolution noninvasive images that delineate the spatial and temporal nature of abnormal cellular processes in animal models and humans. 2, 3 To date, gadolinium (Gd), having a Curie temperature of 17°C and seven unpaired electrons, has been the predominant paramagnetic metal used for MR paramagnetic contrast, 4 but the recent discovery and association with nephrogenic systemic fibrosis (NSF) in some patients with severe renal disease or following liver transplant has fostered concern and Food and Drug Administration (FDA) restrictions on their clinical use. [5] [6] [7] NSF is a rare but potentially harmful side effect which has been creating much controversy in the clinical science of late. 8 Although the first patient diagnosis was made in 1997, the gadolinium-based etiology of the disease was not recognized until 2006. Since then the matter has drawn greater attention from the bench to the clinic, which is reflected in a surge of relevant publications ( Figure 1 ). NSF can be seriously debilitating, leading to fibrotic skin contractures and in extreme cases (5%) result in fractured bones or death. The incurable and nonmitigatable nature of the NSF disease progression has strongly impacted the use of contrast-enhanced MRI guidelines. In some countries in Europe, e.g., Denmark, the issue has such high socioeconomic consequence to the national-run healthcare and welfare systems, the use of such agents is under question and manufactures are being sued to recover economic damages to the state.
The pursuit of alternative, effective ways to achieve personalized molecular imaging has renewed attention given to manganese. Manganese was one of the earliest reported examples of paramagnetic contrast material for MRI because of its efficient positive contrast enhancement. [9] [10] [11] Unlike the lanthanides, it is a natural cellular constituent resembling Ca 2+ that often acts as a regulatory cofactor for enzymes and receptors. However, manganese itself is not out of toxicity issues. [12] [13] [14] [15] Through inhalation of manganese-containing dust, toxicity is known to happen in certain occupational settings. The brain is particularly vulnerable to high concentration of manganese exposure. This can cause a neurodegenerative disorder known as 'manganism' with characteristics Parkinson-like symptoms. Although not entirely without issues, manganese can be used as an alternative MR contrast agents. Recent study in rats indicated that the optimal dose for MEMRI of the rat visual pathway would be 150-300 nmol ivit MnCl 2 . Higher doses cause toxic reaction, causing retinal ganglion cell (RGC) death, impair active clearance from the vitreous, and loss of Mn 2+ enhancement throughout the visual pathway. 12 A preclinical toxicological evaluation of 0.5 M solution of Mangascan ethylenediaminetetraacetic acid (Mn-EDTA) and Pentamang diethylene triamine pentaacetic acid (Mn-DTPA) was conducted recently. 13 Rats were given Mangascan (10 ml/kg) or Pentamang (5 mL/kg) i.v. with no toxic influence detected within 2 weeks in the general condition, bone marrow, cardiovascular and central nervous systems, and liver and kidney functions. A very recent report examined the influence of the molecular architecture (linear vs dendritic) and chelator structure on the in vitro neurotoxicity in cultured rat primary neurons. 15 A novel hydrosoluble dendritic manganese (II) has been compared with Mn-Linear-DTPA and Mn-DPDP [manganese (II)-dipyridoxaldiphosphate; Teslascan] within a concentration range of 0.1-10 mM. Interpretations suggest that linear-DTPA (diethylene-triaminepentaacetic acid) and dendri-DTPA are relatively well tolerated and it can be concluded that the dendritic architecture is not much more toxic than a linear architecture of the same molecular weight.
This report reviews the growing interest and progress achieved in the field of manganesebased contrast agents for MRI, with a specific focus on the different manganese contrast agent families, their synthetic strategies and properties.
MANGANESE AND MRI PROPERTIES
Typically paramagnetic metals and their compounds having one of more unpaired electrons can be used as MR contrast agents. Paramagnetic metals function by shortening the proton longitudinal relaxation rate (R1), which is equal to the relaxation time (1/T1). Relaxivity (r1) refers to the agent's ability to increase the relaxation rate expressed as (mmol s −1 ). Essentially a contrast agent with high relaxivity can be detected at lower concentrations, which in turn allows biochemical markers expressed in tissue at µM or nM concentrations to be detected. 1, 2 Relaxivity is dependent on a dipolar mechanism of the ion-nuclear distance to the inverse 6th power. As such, metal ions with a large spin number, S, are highly desired for MR contrast agent. Manganese offers a high spin number, long electronic relaxation time and labile water exchange. With five unpaired electrons, manganese is among the best paramagnetic metal for MRI with two manganese (II)-based agents, previously approved for clinical use: the liver-specific Mn-DPDP (Teslascan) and an oral contrast containing manganese (II) chloride (LumenHance). However, these agents have been discontinued since then.
Typically, manganese-based contrast agents can be classified into two broad categories, i.e., small molecule agents (Table 1 ) and nanoparticulate or macromolecular agents (Table 2) ( Figure 2 ). Manganese mainly in chelated forms has been used as blood pool contrast. In their ionic form (Mn 2+ ) has a very short plasma half-life and not considered as an effective blood pool agent. Small molecule agents were classically entrapped into liposomal formulation, while nanoparticulate agents were purely inorganic or included organic (and/or polymeric) components.
SMALL MOLECULE AGENTS AND THEIR LIPOSOMAL FORMULATION
One of the earliest examples of manganese contrast agents was a solution of manganese(II) chloride. 41 The measured R1 value is 8.0 ± 0.1 mM −1 s −1 at 20 MHz and 37°C 42 and 6.0 mM −1 s −1 at 40 MHz and 40°C. 43 However, it was found that both i.p. and i.v. injected aquo manganese (II) impart neurotoxicity. The LD50 in mice for manganese (II) is 0.3 mmol kg −1 injected intravenously and 1.0 mmol kg −1 injected intraperitonially. Orally administered MnCl 2 toxicity is ameliorated relative to i.v. concentrations due to the slow rates of metal absorption and presystemic elimination. [44] [45] [46] Manganese-enhanced MRI (MEMRI) contrast techniques have been developed for assessing tissue viability as well as providing a surrogate marker of cellular calcium influx and a tracer of neuronal connections. Excellent review articles can be found on MEMRI. [47] [48] [49] [50] [51] Mn-DPDP, approved for liver imaging, has a ratio of LD50 to the dose (range of safety factors) as 540 mmol kg −1 , which is higher in comparison to gadolinium diethylenetriaminepentaacetic acid (Gd-DTPA) (60-100). 52 Chelation of the free manganese with DPDP lowers the toxicity and provides selective tissue uptake. 53 The MR relaxivity of Mn-DPDP in aqueous solutions was found to be r1 = 2.8 mM −1 s −1 , r2 = 3.7 mM −1 s −1 with the highest values in kidney (r1 = 276.6 mM −1 s −1 and r2 = 640 mM −1 s −1 ). Manganese (II) ions have been entrapped in liposomes to decrease the toxicity in mice relative to free Mn(II), which had R1 value of 35.34 mM −1 s −1 at 20 MHz, 16 and chelated to various polycarboxylic acid ligands (e.g., EDTA, 50 EDTA-DPP, 50 DTPA, DTPA(PAS) 2 , 19 and TTHA .20 for incorporation into lipid bilayer (Table 1) . BOM (benzyloxy methyl) groups containing chelates have been used to prepare Mn(II) complexes. These are known to promote a noncovalent interaction with human serum albumin (HSA). 17 The exchange rate of these coordinated water one order of magnitude higher comparison to the exchange rates previously reported for Gd(III) complexes with octadentate ligands. Such fast exchange rates of the coordinated water was exploited in the formation of macromolecular adducts with HSA to attain systems producing high relaxivity values so far reported for analogous Gd(III) systems.
Troughton et al. 18 reported an EDTA-based chelate for Mn(II) containing a diphenylcyclohexyl moiety that is present in the gadolinium-based agent MS-325. This moiety is known to bind noncovalently to serum albumin. The concept of Mn-based in vivo imaging was tested in a rabbit model of carotid artery injury.
Manganese in bivalent form has been inserted to porphyrins, such as sulfonatoporphyrins, where it undergoes rapid oxidation to Mn(III) ( Figure 3 ). 21 Manganese (III) tetra-(4-sulfonatophenyl) porphyrin (TPPS 4 ) was one of the earliest examples of sulfonatoporphyrins followed by analogs with progressively fewer sulfonate functionalities (TPPS 3 , TPPS 2 , Table 1 ). 22, 23 Similar manganese complexes include UROP-1, 24 mesoporphyrin, hematoporphyrin 25, 26 , and ATN-10. 27 Recently, the performance of a potentially tumorseeking MR agent α-Aqua-13, 17-bis(1-carboxypropionyl)carbamoyl ethyl-3,8-bis(1-phenethyloxyethyl)-β-hydroxy-2,7,12, 18-tetramethyl-porphyrinato manganese (III) (HOP-8P) was evaluated in a tumor-bearing mouse model. 28 Paramagnetic manganese chelated within the porphyrin-ring has been reported to provide sustained tumor enhancement up to at least 24 h following contrast injection in a tumor-bearing (SCC-VII) mice. 54 Lippard et al. reported an interesting mechanism for ion sensing by MRI. 55 The mechanism shows competitive displacement of paramagnetic ions, which results in alteration of solvent interaction parameters and changes in relaxivity and MRI contrast. As a specific example, they demonstrate a Ca-dependent displacement of manganese(II) ions bound to EGTA [ethylene glycol bis(β-aminoethyl ether)-N,N,N′,N′-tetraacetic acid] and BAPTA (1,2-bis(oaminophenoxy)-ethane-N,N,N′,N′-tetraacetic acid) ligands results in a T1w MRI signal increase based.
Inorganic Particle Approach
Shapiro and Koretsky have successfully utilized insoluble, inorganic manganese oxide particles (i.e., MnO, MnO 2 , and Mn 3 O 4 ) and manganese carbonate (MnCO 3 ) in bulk inorganic powder form, as convertible contrast agents for molecular and cellular MRI agents ( Figure 4 ). These Mn particles are typically water insoluble at neutral pH and are formulated into nano-or microparticles. These manganese oxide particles have high magnetic susceptibilities that produce dark contrast when using T2*-weighted 1,2 MRI pulse sequences. However, after cellular internalization and localization within endosomes and/or lysosomes, the particles are degraded by the abundant proteolytic enzymes in the predominantly acidic environment, releasing Mn 2+ ions, which are strong T1 MRI contrast agents. 29 
NANOPARTICLE AND MACROMOLECULAR AGENTS

Manganese-Doped Iron Oxide Nanoparticles
Leung et al. 30 prepared one-dimensional Mn-Fe oxide composite nanostructures of 400-1000 nm sizes in needle, rod, and wire forms. The nanostructures were synthesized by the treatment of MnFe 2 O 4 nanoparticles with cystamine resulting in an organization of the manganese-doped iron oxide nanoparticles. In vitro studies showed that the nanostructures could be transported into the cells of monocyte/macrophage cell line (RAW264.7) with negligible impact on cell viability at labeling concentration <50 µg/mL. Unfortunately, their MR properties were not promising. The results from 1.5 T MR indicated that the T2 relaxivities (r2) for nanoneedles, nanorods, and nanowires were 20.81 ± 0.58, 8.10 ± 0.31, and 6.62 ± 0.42 mM −1 s −1 , respectively, which were lower than the corresponding iron oxide nanoparticle derivatives [e.g., VSOP-C184 and SHU-555C (Supravist)]. It is postulated that the formation of the larger nanostructures led to lower MR relaxivities. 30 Ultrasensitive MRI contrast agents for liver imaging were developed based on manganesedoped superparamagnetic iron oxide (Mn-SPIO) nanoparticles. Hydrophobically modified Mn-SPIO nanoparticles were incorporated within self-assembled block copolymer (mPEGb-PCL) micelles (mean diameter ~80 nm). At room temperature, Mn-SPIO nanoparticles exhibited superparamagnetism. At the 1.5 T, the clustering micelles had a T2 relaxivity of 270 (Mn + Fe) mM −1 s −1 , which was much higher than single Mn-SPIO nanoparticle in a lipid-PEG micelle. This resulted in significant liver contrast with signal intensity decreased of ~80% in 5 min after intravenous administration. The strongly enhanced-MRI negative contrast liver images were highly prolonged and offered sensitive detection of minute liver lesions. 31 Similarly, multifunctional magneto-polymeric nanohybrids (MMPNs) have been synthesized using ultrasensitive MnFe 2 O 4 nanocrystals, chemotherapeutic agents, and encapsulating amphiphilic block copolymers for targeted MR detection and treatment of breast cancer. 32 However the MRI contrast mechanism for manganese ferrite nanoparticles are quite different than the other agents (i.e., MnO based agents) discussed in this review. They are essentially T2 contrast agents for MRI. They provide ferromagnetic properties and shorten the relaxation time of the water protons by providing a localized magnetization when applying the external magnetic field. 4 ] are another class of important contrast agents of inorganic nature. They are typically considered as prototypical 'Single Molecule Magnet' (SMM) because at low temperature the high spin state (S = 10) and anisotropy results in favorable magnetic properties. [56] [57] [58] [59] Stoll et al. showed that manganese-oxo clusters had promise as an MRI contrast agent. Moreover, their MR and water solubility properties improved when they were incorporated onto the surface of polymer (e.g., polystyrene) beads ( Figure 5 ). 33 Li et al. reported the synthesis and MR evaluation of two Mn(II)-monosubstituted polyoxometalates (MnPOMs), MnSiW 11 , and MnP 2 W 17 . 34 These agents were evaluated by in vivo and in vitro experiments as the candidates of tissue-specific MRI contrast agents.
Manganese-Based Clusters
The measured relaxivities exhibited improved relaxation ability in comparison with Gd-DTPA. In vivo MR imaging in healthy rats demonstrated signal enhancement in liver and kidney, suggesting that with appropriate chemical modification, these two agents could be used as promising liver-and kidney-specific MRI contrast agents.
Manganese-Organic Frame Work
Manganese-based core-shell nanoscale metal-organic frameworks (NMOFs) were synthesized by Wenbin Lin's group. 35 Mn-NMOFs comprised of terephthalic acid (BDC) and trimesic acid (BTC) bridging ligands were synthesized by reverse-phase microemulsions. Nanorods of Mn(BDC)(H 2 O) 2 were synthesized by stirring a cetyl trimethylammonium bromide (CTAB)/1-hexanol/n-heptane/water microemulsion containing an equimolar MnCl 2 and [NMeH 3 ] 2 (BDC). Similarly, nanoparticles of Mn 3 (BTC) 2 (H 2 O) 6 were prepared in a CTAB/1-hexanol/isooctane/water microemulsion mixture containing a Na 3 (BTC)/MnCl 2 molar ratio of 2:3. The particle morphology was tested by transmission electron microscopy (TEM) and scanning electron microscopy (SEM) techniques, which revealed that the particles adopt uniform spiral rod morphology with diameter 50-100 nm and lengths 1-2 µm. The stability of the particles was achieved by a silica coating. Polyvinyl pyrrolidone (PVP)-modified particles underwent base-catalyzed condensation of tetraethyl orthosilicate (TEOS) to generate a thin layer of silica shell, which provided a chemical foundation for functionalization with a fluorophore (rhodamine B) and a cell-targeting cyclic peptide (cRGDfk), selectively binds α v β 3 integrin for targeting angiogenic cancers cells. Rhodamine B-and c(RGDfK)-coupled particles demonstrated effective target-specific MR imaging to cancer cells in vitro, which was corroborated by optical imaging. Although the r1 values exhibited by the Mn-NMOFs were unexceptional, their high water solubility delivered large doses of Mn 2+ ions inside cells. In vitro and in vivo results both suggested that the silica-coated particles could deliver Mn 2+ to sites of interest for high T1-weighted contrast enhancement.
Manganese Oxide Nanoparticle-Based Approach
Biocompatible MnO nanoparticles were prepared for MR imaging to elicit bright signal enhancement and fine anatomic detail in the T1-weighted MR image of a mouse brain.
Uniformly sized MnO nanoparticles were dispersed in nonpolar organic solvent by the thermal decomposition of Mn-oleate complex was encapsulated in a polyethyleneglycol (PEG)-phospholipid shell for increased water solubility and improved biocompatible. These particles were shown to target breast cancer cells in a metastatic tumor in brain. 36 In another recent report, 37 the relaxivity of MnO nanoparticles was altered by manipulating the size and curvature of the particles. Manganese oxide nanoparticles (20 nm) stabilized by oleic acid manganese oxide nanoparticles (MONs) as well as water-dispersible manganese oxide nanoparticles (WMONs) were prepared and encapsulated with poly(ethylene glycol) phospholipids. The selective removal of the MnO phase from the WMONs created hollow manganese oxide nanoparticles (HMONs). These HMONs were loaded with therapeutic agents and retained efficient cellular uptake illustrating the potential of bifunctional theragnostic approach.
Organic or Polymeric Nanoparticle-Based Approach
Manganese (III)-labeled nanobialy, a 'soft-type' toroidal biconcave particle, has potential as targeted MR theranostic agent. 39 Nanobiays are formed through spontaneous self-assembly of amphiphilic hyperbranched polyethylenimine particle size (180-200 nm) with low polydispersity (Figure 6 ). The 'Bialys' presented Mn(III) in a kinetically stable, manganese protoporphyrin-coupled complex directly exposed to the surrounding water producing ionic r1 and r2 relaxivities of 3.7 ± 1.1 mmol −1 s −1 and 5.2 ± 1.1 mmol −1 s −1 per Mn ion and particulate relaxivities of 612,307 ± 7213 mmol −1 s −1 and 866,989 ± 10, 704 mmol −1 s −1 per particle, respectively. The theragnostic potential of nanobialy's was illustrated through targeted Mn MR imaging in vitro using antifibrin monoclonal targeting to fibrin-rich clots the efficient (98%) synthetic incorporation and in vitro dissolution retention (80%) of chemotherapeutic compounds (doxorubicin and camtothecin). Alternative 'soft-particle' approaches included manganese oxide and manganese oleate nanocolloids 38 (particle size >120 nm), which were developed by incorporating manganese (II) oxide (10 nm) particles or manganese (II) oleate within a hydrophobic core matrix encapsulated by phospholipids. Specific homing ligands, including antifibrin antibodies and αvβ3 intergrin antagonists, 1,2 were presented on the functionalized surface providing high avidity and sensitivity for molecular imaging with MRI (excellent 'stick and stay' quality). s −1 per particle, respectively. The specific relaxivities were found to be markedly and unexpectedly higher for the ManOL as compared to the ManOC. Fibrin-rich clots were targeted in vitro with fibrin-specific monoclonal antibodies revealed increased T1w images of the targeted specimens, yielding signal intensities (75 ± 20 a.u. and 95 ± 19 a.u., respectively) versus the control nanocolloids (32 ± 07 a.u.), and background air (7 ± 4 a.u.). These results suggest that ManOL has outstanding potential for imaging intravascular microthrombus associated with rupture atherosclerotic plaque, and may provide adequate contrast to detect the very sparse biosignatures of angiogenesis in cancer and vascular diseases (Figure 7) .
Examples of the polymeric and dendritic manganese contrast agents are also known in the literature. 15, 40 Steibel et al. 40 reported the development of a dendritic agent based on novel hydrophilic dendritic Mn(II) complex 1 derived from DTPA for MEMRI experiments for brain imaging. These complexes exhibit no in vitro neuronal toxicity at concentration ~1 mM. The T1 relaxivity of one of the complexes were found to be 4.2 mM −1 s −1 , which was higher than that of the commercial MRI contrast agents Gd-DTPA.
CONCLUSION
Clearly, manganese-based agents have continued to be developed and new nanotechnologies have great promise for achieving high MR contrast. They have the potential of reducing the risk of toxicity or intolerance due to the release of free metal. Although better patient stratification and gadolinium chelation chemistry may prevent the acute induction of NSF, the potential avoidance of NSF occurring in the future among patients given lanthanides, particularly repeat doses, can be only speculated upon. The need to further lower or eliminate gadolinium exposure must be considered a high priority for the molecular imaging community. Manganese-based technologies offer an alternative pathway that may achieve the success that gadolinium-based agents have heretofore enjoyed. Publication trend from Scopus: surge in publication related to Gd and NSF. Manganese-based contrast agent families. Inset: Structure of dipyridoxal diphosphate (DPDP), the clinically approved manganese (II) agent for hepatobiliary imaging. Structures of polycarboxylates and porphyrins used as ligands for manganese. Example of convertible inorganic contrast agents. Surface attached manganese-oxo clusters improve MR contrast (PS: polystyrene beads). 
